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these manifestations imply that the circadian rhythm of PD patients may be disrupted.
In mammals, circadian rhythm is controlled by hypothalamic suprachiasmatic nucleus (SCN), and regulated by a transcriptional feedback loop with clock genes, such as circadian locomotor cycle kaput (Clock), Brain and muscle Arnt-like protein-1 (Bmal1), Period (Per), Cryptochrome (Cry), Reverse erythroblastosis virus (Rev-erb), Retinoic acid receptor-related orphan receptor (Rorα) genes, and their corresponding proteins. [7] Clock and Bmal1 are two critical transcriptional activators, which stimulate the expression of Per and Cry at the beginning of the day. Per and Cry heterodimers translocate into the nucleus and inhibit the transcription of Bmal1 and Clock. Eventually, the Per and Cry proteins accumulate in the day and then degrade at night, followed by the beginning of Bmal1 and Clock transcription, which initiates the cycle over again. [8] In addition, Rev-erb and Rorα play a role in maintaining the circle stable. [9] So far, L-DOPA serves as the most effective therapy in PD. L-DOPA obviously alleviates the motor symptoms, especially in the early stage. However, long-term L-DOPA therapy has been reported to be associated with several detrimental motor and nonmotor symptoms. [10] Furthermore, PD patients in the advanced stage often suffer from the worsening of circadian rhythmic disturbance. Nevertheless, it remains to be clarified whether the disrupted circadian rhythm in advanced PD patients is related to L-DOPA treatment or disease progression itself. The current study hypothesized that long-term L-DOPA treatment may aggravate the circadian rhythms of PD patients. Using the rat dyskinesia model to mimic the late stage PD, we investigated the effect of long-term L-DOPA treatment on the circadian rhythm in a rat model of PD.
meThods

Animals
Male Sprague-Dawley rats (200-250 g) were purchased from Shanghai Laboratory Animal Center (SLAC, Shanghai, China). The experimental protocols were approved by the Institutional Animal Care and Use Committee of Soochow University. Rats were maintained under a 12/12 h light/dark cycle (light on at 8:00, light off at 20:00) at 22°C with free access to food and tap water.
Experimental protocol
The overall experimental procedure is shown in Figure 1a . Briefly, sham or lesioned rats were made by a bilateral striatal injection with saline (4 µl for each side) or 6-hydroxydopamine (6-OHDA) (8 µg/4 µl for each side, 2-µg 6-OHDA in 1-µl saline containing 0.02% of ascorbic acid, Sigma, St. Louis, MO, USA) on a Stoelting stereotaxic apparatus (Stoelting Co., Kiel, WI, USA) following the coordinates: AP +1.0, ML ±3.5, DV −4.5 mm from bregma at the rate of 0.5 µl/min. [11] The syringe needle (Hamilton, USA) was left in place for 5 min to assure the solution diffusion. A total number of 42 rats were used in this experiment, 21 days after the surgery, animals were randomly divided into three groups (n = 14 each group): (a) sham group (sham-operated, treated with saline); (b) 6-OHDA group (6-OHDA-lesioned, also treated with saline); and (c) L-DOPA group (6-OHDA-lesioned, treated with L-DOPA). Animals received the intraperitoneal administration with saline or 25 mg/kg of levodopa methyl ester mixed with 6.25 mg/kg of benserazide tablets (Roche Diagnostics, Penzberg, Germany) dissolved in sterile saline once daily at 15:00 for another 21 consecutive days. The animals underwent behavioral tests and were then sacrificed at 24:00, 6:00, 12:00, and 18:00. The plasma collected for enzyme-linked immunosorbent assay (ELISA) was from the left ventricle and centrifuged at 800 ×g for 3 min. The brain and liver were immediately harvested (n = 3 for each time point, equals to n = 12 in each group, used for quantitative polymerase chain reaction [QPCR] and high performance liquid chromatography [HPLC]), and the caudate putamen (striatum) and SCN were carefully dissected out, the left side of the brain was later used for QPCR, the right side was used for HPLC. The rest rats (n = 2 for each group) were used for immunofluorescence.
Behavioral and body weight measurements
Body weight measurement During L-DOPA treatment, body weights were recorded weekly till the end of the experiment for all the groups.
Rotarod performance
Rotarod test was carried out by the Rotarod system (ZH-300, Zhenghua, Anhui Province, China) to evaluate the motor function. Each rat was trained for 3 times/day with 3 consecutive days before the real test. The training speed is from 4 to 20 r/min at the rate of 0.5 r/s. After completing the training, rats were placed onto a rotating rod with steady acceleration to 20 r/min. The duration time of staying on the rotating rod was recorded. Each rat was given three trials in 30-min intervals and the average time was recorded as the final result.
Footprint analysis
Footprint analysis was used to assess limb coordination and the distance between the centers of ipsilateral adjacent footprints. The hindpaws of each rat were dipped in yellow dye and footprints were recorded on the white paper. The average distance of five sequential steps was then measured and recorded.
Open field test
To evaluate 6-OHDA-induced motor deficits, the rats were tested in an open field (50 cm × 50 cm × 30 cm) of an automated Flexfield/Open Field Activity System (DigBehv-LR4 System, JiLiang Software Technology Co. Ltd., Shanghai, China). It was constructed by plywood planks and divided into 4 quadrants of equal size. The rat was initially placed in the center, and the traveling distance and average speed of the freely moving rats were recorded during 10-min session and analyzed using JLDigBehv-LR4 System software (Jiliang Software Technology Co. Ltd., Shanghai, China).
Immunofluorescence
Rats were randomly chosen from sham and 6-OHDA groups (n = 2 for each group). They were anesthetized with 4% chloral hydrate (400 mg/kg, i.p.) and transcardially perfused with 4% paraformaldehyde (PFA). Brains were harvested and postfixed in PFA followed by dehydration in a solution of 25% sucrose. Coronal sections of the midbrain in 20-µm thickness were cut on a cryostat microtome (Leica, Wetzlar, Germany), and incubated by mouse monoclonal anti-tyrosine hydroxylase (TH) (1:1000, Sigma, St. Louis, USA) at 4°C overnight. Then, slides were incubated with anti-mouse Alexa488 secondary antibody for 1 h at room temperature. Finally, coverslips were mounted with DAPI (Vector Laboratories, USA) and photographed under a positive Zeiss microscope (Axio Scope A1, Zeiss Corp., Goettingen, Germany).
Western blotting
Tissues from left striatum (n = 3 for each group) were homogenized in lysis buffer (150 mmol/L NaCl, 25 mmol/L Tris, 5 mmol/L EDTA, 1% Nonidet; pH 7.5) with protease inhibitor cocktail tablets (Roche Diagnostics, Penzberg, Germany). Protein lysates were separated by 10% sodium dodecyl sulfate-polyacrylamide gels and transferred onto polyvinylidene fluoride membranes (Millipore, Bedford, MA, USA). Then, the membranes were blocked with 5% milk in 0.1% Tris-buffered saline/Tween 20 for 1 h and incubated with primary mouse anti-TH antibody (1:5000, Sigma T1299) and mouse anti-β-actin antibody (1:8000, Sigma) at 4°C overnight. Membranes were briefly washed and incubated with secondary antibodies for another 1 h. Finally, membranes were visualized by a chemiluminescence kit (Bio-Rad, 170-5061). The densitometric analysis was performed using ImageJ software (National Institute of Health, Bethesda, MD, USA).
Melatonin and cortisol measurement
Plasma was collected and subjected to ELISA (R&D Systems, USA) according to the manufacturer's instructions. Absorbance was measured at 450 nm using a microplate reader (Tecan M200, Grodig, Austria).
Neurotransmitter measurement
The right side of the striatal content of DA, DOPAC and 5-HIAA were determined by HPLC with an electrochemical detector (Antec, Zoeterwoude, The Netherlands). Homogenates were prepared in 4% perchloric acid and centrifuged at 4°C (14,000 ×g, 20 min). The supernatants were filtered with 0.22-µm syringe filters and applied to the HPLC system. The standard samples of the monoamines and their metabolites were similarly processed as the brain homogenates. Then, the monoamine level was quantified with the standard curves and the results were expressed as ng per mg wet tissue.
Quantitative real-time polymerase chain reaction
The left side of striatal and SCN content, liver were used for QPCR analysis. Total RNA was extracted using Trizol P < 0.001) and (e) Open field test (n = 14 for each group, *P < 0.01, † P < 0.001). (f and g) Loss of TH neurons in the substantia nigra of 6-OHDA lesioned rats, as revealed by western blotting (n = 3 for each group, *P < 0.01) and immunofluorescence (n = 2 for each group). 6-OHDA: 6-hydroxydopamine. 
Statistical analysis
Data were analyzed using GraphPad Prism 5 (GraphPad Software, La Jolla, CA, USA). Data were presented as mean ± standard error. The significance of multiple groups and time-dependent variation in each group were analyzed using one-way analysis of variance (ANOVA), followed by Tukey's post hoc test. Two-way ANOVA was applied for the significance of differences of circadian phases among groups, and Tukey's post hoc test for multiple comparisons.
Differences of values at the same time points were performed using one-way ANOVA, followed by Dunnett's post hoc test. P < 0.05 was considered statistically significant.
resulTs
Improved motor ability after L-DOPA treatment
There was a slight increase in the body weight in both sham and 6-OHDA group rats (n = 14 for each group) during the treatment period. In contrast, we observed the trend of weight loss in 6-OHDA-lesioned rats receiving L-DOPA treatment [ Figure 1b] . When compared to sham group, 6-OHDA group showed less running time in the rotarod test (n = 14 for each group, P < 0.01, ANOVA), and L-DOPA tended to improve it [ Figure 1c ]. In the footprint and open field test, L-DOPA alleviated the motor deficits induced by 6-OHDA lesions (n = 14 for each group, P < 0.01, P < 0.001 respectively, ANOVA) [ Figure 1d and 1e]. As expected, Western blotting showed that the striatal TH protein level decreased by 50% in 6-OHDA-lesioned rats (n = 3 for each group, P < 0.01, ANOVA). However, there was no significant difference between 6-OHDA and L-DOPA group [ Figure 1f] . Consistently, the immunostaining demonstrated that the number of TH-positive cells was decreased in the substantia nigra pars compacta in 6-OHDA group [ Figure 1g ].
Modified expression of clock genes in suprachiasmatic nucleus and striatum but not in liver after L-DOPA treatment
In the circadian pacemaker SCN, the QPCR analysis (n = 3 for each time point, equals to n = 12 in each group) showed an obvious effect of time on the expression profile of Clock, Bmal1, Per2 in sham group [P < 0.01, P < 0.01, P < 0.05, ANOVA, Figure 2a-2c] . Also, Rorα showed the similar pattern with Bmal1 in sham group [ Figure 2d ]. Two-way ANOVA showed that there was difference in the mRNA levels of Bmal1, Per2 among three groups (treatment, F 2,40 = 78.72, P < 0.0001; F 2,40 = 11.68, P < 0.001). Clock did not show a significant difference between sham and 6-OHDA group while the daily rhythm of Bmal1 in the 6-OHDA-lesioned rat was markedly decreased at 18:00 and 6:00 (P < 0.001).
When compared to the 6-OHDA group, the levels of Bmal1 expression were even lower at 12:00 (P < 0.05) and 24:00 (P < 0.01) in L-DOPA treatment group. Similarly, Per2 showed a significant decrease at 24:00 (P < 0.05), and its peak value exhibited an approximately 12-h phase advance.
Next, in the striatum, the mRNA expression of Clock and Per2 [ Figure 2e and 2g] displayed time-dependent variations in the sham group (P < 0.001, P < 0.05, ANOVA). However, these rhythms were abolished after administration of 6-OHDA, and L-DOPA did not improve it. Two-way ANOVA showed there was a significant difference in the mRNA levels of Clock among three groups (treatment, F 2,40 = 5.00, P < 0.05). A significant decrease of Clock was shown in 6-OHDA group at 18:00 (P < 0.001), as well as Per2 at 6:00 (P < 0.05). Interestingly, when compared to the 6-OHDA group, the phase of the four clock genes was delayed in L-DOPA-treated rats. Specifically, Bmal1 and Rorα [ Figure 2f and 2h] reduced about 60% at 18:00 (P < 0.05). In addition, L-DOPA seemed to delay the peak of Per2 to 24:00. Furthermore, the expression pattern of Rorα was altered in L-DOPA group, with the peak shifting from 18:00 to 6:00.
Meanwhile, the peripheral organ, liver, showed that the 24-h rhythm of Clock, Bmal1 and Per2 [ Figure 2i -2k] was observed in the sham group (P < 0.001, P < 0.0001, P < 0.05, ANOVA). However, the rhythmicity of Clock and Bmal1 was blunted in 6-OHDA ± L-DOPA group, and two-way ANOVA showed that there was a significant difference among three groups (treatment, F 2,40 = 57.87, P < 0.0001; F 2,40 = 21.43, P < 0.0001). When compared to the sham group, the expression of Clock and Bmal1 in the 6-OHDA ± L-DOPA group was generally decreased throughout the whole day, especially in the daytime such as 12:00 (P < 0.001, P < 0.0001). Similarly, the peak of Per2 was decreased at 24:00 (P < 0.001). In addition, Rorα mRNA levels [ Figure 2l ] also declined both in the daytime (P < 0.01) and the nighttime (P < 0.001). However, L-DOPA did not affect the changes of the expression profiles of clock genes induced by 6-OHDA.
Changed secretion levels of cortisol and melatonin after L-DOPA treatment
Cortisol and melatonin served as two main biomarkers of the circadian system. In our study, the secretion pattern of these two hormones showed no obvious time-dependent variation in three groups (P > 0.05, ANOVA). However, Its peak reached at 24:00 in the sham group, while it shifted to 6:00 in 6-OHDA group. Notably, L-DOPA treatment seemed to reverse the shift phase to the normal. However, at 6:00, the melatonin level was much lower in L-DOPA group than that in 6-OHDA group (P < 0.01).
Altered rhythm of dopamine and serotonin metabolism in striatum
We measured the amount of DA, 5-HT and their metabolites in the right side of striatum [ Figure 4a -4d] (n = 3 for each time point, equals to n = 12 in each group). A time-dependent rhythm of DA was observed (P < 0.01, ANOVA), which was abolished in 6-OHDA ± L-DOPA group (treatment, F 2,40 = 16.96, P < 0.0001). Moreover, the AUC analysis indicated that the average amount of DA in unilateral striatum declined in 6-OHDA group, which was partially elevated by L-DOPA treatment (sham: 1.19 ± 0.20 ng/mg×min; 6-OHDA: 0.49 ± 0.03 ng/mg×min; L-DOPA: 0.71 ± 0.22 ng/mg×min). The ratio of DOPAC/DA was elevated in 6-OHDA group (P < 0.05) and the peak of DA metabolism shifted from 24:00 to 18:00. 5-HIAA reached its peak at about 6:00 in the sham group, whereas its peak was advanced to 24:00 in 6-OHDA ± L-DOPA group.
discussion
In clinical practice, the long course of PD was always accompanied with long-term and high-dose levodopa treatment. Thus, it was difficult to distinguish whether the disease itself or the drug therapy contributed to the rhythm dysregulation. Unfortunately, few basic studies focused on the effect of chronic L-DOPA therapy on the circadian rhythm in advanced PD models. Therefore, 6-OHDA-induced PD rats with 21 days of high-dose L-DOPA administration was used to probe into the issue. Based on the expression profile of clock genes, we found dysfunctions of circadian rhythm were more severe after long-term L-DOPA treatment in 6-OHDA-lesioned rats.
Recently, several studies reported the circadian dysfunctions in PD patients. [12, 13] Moreover, such circadian dysfunctions are more common in advanced patients. Our previous research showed the higher incidence rate of rapid eye movement sleep behavior disorder was associated with the longer PD duration. [14] Other studies also showed that patients with lower insomnia scores and more sleep fragmentations had higher unified Parkinson's disease rating scale (UPDRS) scores. [15, 16] Heart rate oscillation was also related to the disease severity. [17] Meanwhile, many clinical studies also proposed that chronic anti-parkinsonian medication, such as levodopa, had a close relationship with the severe motor or nonmotor symptoms. [6] Hence, we hypothesized that the severe circadian dysfunction in PD patients may also be related to the long-term L-DOPA treatment.
SCN was the central controller of circadian rhythm, destruction of the SCN could dysregulate a series of behavioral and physiological rhythms. [18] The postmortem study showed α-synuclein accumulation and the formation of Lewy bodies in SCN. Researchers also observed the decline of clock genes expression in rotenone-induced PD rodents. [19] Consistently, we observed that the clock gene expression was also downregulated in 6-OHDA group. Moreover, L-DOPA treatment further suppressed their transcription. The reduction in Bmal1 transcription in SCN was particularly apparent after L-DOPA treatment. Decreased Bmal1 may result in less formation of CLOCK-BMAL1 heterodimers, which regulated the clock-controlled gene expression through E-Box. Similarly, the antioxidant activity, which was under the control of circadian rhythm, may also be suppressed, and thus accelerated the progression of PD. [20, 21] The reduction of clock genes expression was also observed in the striatum. The decrease was more evident probably due to the high susceptibility of this brain region. Administration of L-DOPA for 21 days did not restore the arrhythm of these clock genes in 6-OHDA-lesioned rats. Instead, the amplitude was much lower than that in 6-OHDA group. Dopamine could affect the clock genes expression through dopamine receptors. The expression of D2R in the striatum was decreased in 6-OHDA group, whereas the remaining receptor was in highly sensitive state. [22] D2R played a negative role in clock genes. Activation of D2R could lead to the lower level of intracellular cyclic adenosine monophosphate (cAMP) due to the inhibition of the adenylyl cyclase enzyme and then resulted in the less expression of clock genes through the cAMP-responsive element (CRE). In addition, D2R was reported to enhance the transcriptional capacity of the CLOCK-BMAL1 complex through a CREB-dependent mechanism, and then inhibited Per2 transcription by E-Box element. [23] Thus, on L-DOPA administration, D2R may be activated and then exerted an inhibitory effect on the expression of clock genes in the striatum.
Liver, an important metabolic organ, showed robust circadian rhythm according to the environment. [24, 25] Surprisingly, the circadian oscillation in the liver was totally abolished after midbrain dopamine depletion by 6-OHDA lesion, which could not be alleviated by L-DOPA replacement therapy. Perhaps, the liver was out of the control by the impaired SCN oscillator and could not be self-sustained. What's more, the hepatic rhythm of clock genes could be entrained by feeding. [26] Less food taken in our PD model might reduce the circadian inputs to the liver. In addition, the levodopa we applied was accompanied with the decarboxylase inhibitor, which prohibited the L-DOPA metabolizing into its biologically active form in the peripheral system. Therefore, L-DOPA might exert no effect on the liver. To get more evidence of L-DOPA on the circadian rhythm, we further investigated the hormones and transmitters. Clinical research reported that the melatonin secretion patterns in PD patient showed a decreased amplitude and phase advance in the dopaminergic-treated group. [27] The altered nychthemeral pattern of melatonin was observed in our 6-OHDA model. The phase was advanced to daytime and the amplitude showed a decrease which might reflect the desynchronization in PD patients. However, we did not find any rhythm of the plasma cortisol among three groups, but the AUC was slightly larger in the 6-OHDA group than that in the sham group, which was also evidenced by 24-h blood sample in PD patients. [28] Surprisingly, L-DOPA treatment could elevate the serum cortisol level by 30%. Similarly, results were reported in PD patients with stable levodopa compliance. [29] This phenomenon may be clarified by the fact that 6-OHDA lesions not only cause degeneration of dopaminergic neurons but also neurons in the hippocampus, decreasing the expression of hippocampal mineralocorticoid receptors. [30] Meanwhile, this higher secretion of glucocorticoids may be related to the cognitive impairment in advanced PD patients. [31] Normally, plasma dopamine level reached its peak in the morning, [32] but this rhythm of dopamine secretion was lost and flattened due to the loss of dopaminergic neuron after 6-OHDA lesions. In addition, the expression pattern of 5-HIAA was altered with the shift of peak. L-DOPA treatment partially reversed this changed pattern and might have a positive effect on depression, in consistence with the clinical observations that L-DOPA therapy could ameliorate the depression in PD patients. [33] However, several limitations should be taken into consideration. Although dopamine is thought to play an important role in regulating the circadian rhythm, if combined with the samples from advanced PD patients who take large doses of levodopa regularly, we could verify the results in our model and provide stronger evidence. What else, further researches on the mutual regulation of dopamine and clock genes are needed to give an explanation to the phenomenon we have found.
In conclusion, long-term L-DOPA treatment exacerbated the disruptions of circadian rhythm in 6-OHDA-lesioned rats, that might provide some guidance for PD treatment. For instance, the advanced PD patients can hardly control the motor symptoms without levodopa; it is hard to say what will happen to the circadian system if levodopa is reduced in these patients. Fortunately, several interventions, such as physical activity, melatonin therapy, and bright light therapy, which have been proved to be potential approaches for restoring the circadian arhythmicity, can be applied to the advanced PD patients. Besides, deep brain stimulation has beneficial effects on nonmotor symptoms, such as sleep, cardiovascular, and sensory dysfunctions, [34] perhaps it can also confer some advantages to the circadian system.
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